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Abstrat
The extensions of the minimal supersymmetri model (MSSM), driving mainly from the need to
solve the µ problem, involve novel matter speies and gauge groups. These extended MSSM models
an be searhed for at the LHC via the eets of the gauge and Higgs bosons or their fermioni
partners. Traditionally, the fous has been on the study of the extra fores indued by the new
gauge and Higgs bosons present in suh models. An alternative way of studying suh eets is
through the superpartners of matter speies and the gauge fores. We thus onsider a U(1)′ gauge
extension of the MSSM, and perform an extensive study of the signatures of the model through
the prodution and deays of the salar quarks and gluino, whih are expeted to be produed
opiously at the LHC. After a detailed study of the distintive features of suh models with regard
to the signatures at the LHC, we arry out a detailed Monte Carlo analysis of the signals from
the proess pp → n leptons + mjets + /ET , and ompare the resulting distributions with those
predited by the MSSM. Our results show that the searhes for the extra gauge interations in the
supersymmetri framework an proeed not only through the fores mediated by the gauge and
Higgs bosons but also through the superpartner fores mediated by the gauge and Higgs fermions.
Analysis of the events indued by the squark/gluino deays presented here is omplementary to the
diret Z ′ searhes at the LHC.
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I. INTRODUCTION AND MOTIVATION
Any antiipated model of `new physis', whih must obligatorily rehabilitate the unnatu-
ral ultraviolet sensitivity of the standard model (SM), generially involves new matter speies
and interations beyond the SM. These non-SM features, if disernable in the TeV domain,
will be probed by experiments at the LHC. The searh for the non-SM gauge interations
is of partiular importane sine non-SM gauge fores at the weak sale an give important
hints about the symmetries of Nature at short distanes. The searh an be arried out
by measuring the anomalies in the rates of sattering proesses that involve solely the SM
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partiles. For instane, 2 → 2 satterings an reeive ontributions from the exhanges of
the extra gauge bosons Z ′ or W ′, or extra Higgs bosons, and their eets an be disentan-
gled by measuring the deviation of the sattering rate from its SM expetation. However,
the eets of the non-SM gauge interations are not limited to suh proesses sine they
neessarily partiipate in interations of the non-SM partiles, too. This feature extends the
searh proedure for extra gauge fores into non-SM partile setor, and an prove useful in
establishing the inner onsisteny of the model of `new physis'.
The searh strategies for, and the signatures of, the extra gauge interations depend
ruially on the struture of the model of `new physis'. Indeed, possible seletion rules, and
orrelations among observables an give rise to distintive signatures for ertain sattering
proesses. These observations an be made expliit by onsidering a spei model of `new
physis'. To this end, TeVsale gravity, made possible by large extra dimensions, and TeV
sale softly-broken supersymmetri theories stand up as two main avenues for onstruting
realisti models. Supersymmetri theories oer a viable framework for eluidating these
observations, as in these theories the entire partile spetrum is paired to have the boson
fermion symmetry, and thus, quadrati divergenes that destabilize the salar eld setor are
naturally avoided. In partiular, gauge bosons themselves are paired with the orresponding
gauge fermions, and this feature guarantees that any sattering proess involving the gauge
bosons possesses a partner proess proeeding with the gauge fermions (along with the
exhange of fermions and salar fermions). This implies that the searh for extended gauge
strutures an be performed via both gauge bosons and gauge fermions, and the orrelations
between the two an reveal the underlying supersymmetri struture. The theories in higher
dimensions, unless endowed with supersymmetry, do not possess this partnership struture,
that is, their fores (indued by the extended gauge setor or the Kaluza-Klein modes of the
known gauge elds in the bulk) do not aquire ontributions from any partner.
In this paper we perform a phenomenologial study of the extra gauge interations in
the ontext of an extended low-energy softly-broken supersymmetri model. The minimal
supersymmetri model (MSSM) is based on the SM gauge group GSM = SU(3)c⊗SU(2)L⊗
U(1)Y . In general, provided that the existing bounds are respeted, this gauge struture
an be extended in various ways motivated by high-energy (SUSY GUTs or strings) or low-
energy ( the µ problem of the minimal supersymmetry, the neutrino masses or the old
dark matter) onsiderations. The simplest option would be to onsider an extra Abelian
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symmetry orthogonal to GSM so that the gauge struture at the TeV sale takes the form
GSM ⊗ U(1)′. For extending the gauge struture there are other possibilities as well. For
example, one an onsider a left-right symmetri setup SU(3)c⊗SU(2)L⊗SU(2)R⊗U(1)B−L
or a more general embedding SU(3)c⊗SU(3)L⊗U(1)′. Eah gauge struture omes with its
assoiated (neutral and harged) gauge bosons and the orresponding gauginos, and their
searhes will help establish the underlying supersymmetri struture.
In this work we attempt to answer the following question: What are the basi ollider
signatures of an extended gauge struture within a supersymmetri framework? The answer
involves both the fores mediated by the gauge bosons and the superpartner fores mediated
by the gauge fermions. We will answer this question within the following framework:
• We will onsider GSM ⊗U(1)′ gauge group for deniteness (more general gauge stru-
tures an be analyzed along the lines of reasoning employed for U(1)′).
• We will analyze the prodution and deay proesses pertaining to the LHC (proesses
at other olliders like Tevatron or the ILC an be analyzed aordingly).
This setup might seem too spei to investigate at rst sight; however, it will be seen at
the end of this analysis, that the results obtained here are suiently generi.
This paper is organized as follows: In Se.II, we give a desription of the features of
the GSM ⊗ U(1)′ model. As several model presentations exist in the literature, we review
the features essential for our analysis, relegating the rest to the Appendix for ompleteness.
In Se. III, we provide a general disussion of the LHC proesses harateristi of the
GSM ⊗ U(1)′ model. In Se. IV, we analyze these sattering proesses via Monte Carlo
simulations. We summarize and onlude in Se. V. The Lagrangian of the GSM ⊗ U(1)′
model is detailed in Appendix A - Appendix D. For the remainder of this work, we will refer
to our model simply as the U(1)′ model.
II. THE U(1)′ MODEL
There are various reasons for extending the MSSM by an additional U(1) group. From the
point of view of high energies, an extra U(1) symmetry broken at the TeV sale frequently
arises in grand unied theories and strings [1℄. Seen from the low energy point of view,
introdution of an extra U(1) is motivated by the need to solve the µ problem [2℄ of the
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MSSM. Indeed, if the U(1)Y ′ harges of the MSSM Higgs doublets do not sum up to zero
it then beomes possible to promote the µ parameter to a SM-singlet hiral supereld Ŝ
harged solely under the U(1)Y ′ group. This setup, as enoded in the superpotential
Ŵ = hsŜĤu · Ĥd + huQ̂ · ĤuÛ + hdQ̂ · ĤdD̂ + heL̂ · ĤdÊ , (1)
then indues an eetive µ parameter, µeff = hs〈S〉, below the U(1)Y ′ breaking sale. The
extra hiral eld Ŝ extends (i) the MSSM Higgs setor via the additional Higgs eld S, and
(ii) the MSSM neutralino setor via the additional neutral fermion S˜ [3℄.
The other soure of deviation from the MSSM stems from the presene of the extra gauge
boson and its superpartner. Indeed, the kineti terms of the gauge superelds in eletroweak
setor are given by [4, 5℄
Lgauge = 1
32
[
Ŵ aŴ a + ŴY ŴY + ŴY ′ŴY ′ + 2 sinχŴY ŴY ′
]
F
, (2)
where Ŵ a, ŴY and ŴY ′ are, respetively, the gauge superelds of SU(2)L, U(1)Y and U(1)Y ′
groups with the gauge ouplings g2, gY and gY ′ . The last term in (2) aounts for the kineti
mixing (with the angle χ) between the U(1)Y and the U(1)Y ′ gauge superelds. Eliminating
the kineti mixing in (2), while maintaining the hyperharge setor as in the MSSM, hanges
the U(1)Y ′ invariane to a new one U(1)Q′ with the harge
Q′f =
1
gY ′ cosχ
(
gY ′Y
′
f − gY Yf sinχ
)
, (3)
from whih it follows that even if f is neutral under U(1)Y ′ it still possesses a non-vanishing
harge Q′f proportional to its hyperharge times tanχ. As our analysis is onerned with
the superpartner fermion fores, we present that setor next. In Appendix A we desribe
the partile spetrum and the Lagrangian and analyze the gauge and Higgs boson setors.
A. Gauge and Higgs Fermions
The U(1)′ model possesses no new harged Higgsinos and gauginos. On the other hand,
in the neutral setor it possesses two new fermion elds: the U(1)′ gauge fermion Z˜ ′ and the
singlino S˜. In total, there are 6 neutralino states χ˜0i (i = 1, . . . , 6) [5, 6℄:
χ˜0i =
∑
a
N0iaG˜a , (4)
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where the mixing matrix N0ia onnets the gauge-basis neutral fermion states G˜a ∈
{
B˜, W˜ 3,
H˜0d , H˜
0
u, S˜, Z˜
′
}
to the physial neutralinos χ˜0i . The neutralino masses Meχ0i and the mixing
matrix N0ia are determined via the diagonalization ondition N
0MN0 T = Diag
{
Meχ01 , . . . ,
Meχ06
}
for the neutral fermion mass matrix
M =


MeY 0 −MeY eHd MeY eHu 0 MeY eZ′
0 MfW MfW eHd −MfW eHu 0 0
−MeY eHd MfW eHd 0 −µ −µHu µ′Hd
MeY eHu MfW eHd −µ 0 −µHd µ′Hu
0 0 −µHu −µHd 0 µ′S
MeY eZ′ 0 µ
′
Hd
µ′Hu µ
′
S M eZ′


, (5)
where ertain entries are generated by the soft-breaking setor while others follow from the
SU(3)c ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)Q′ breaking. The U(1)Y gaugino mass MeY , the SU(2)L
gaugino mass MfW , and the U(1)Q′ gaugino mass
M eZ′ =
MeY ′
cos2 χ
− 2tanχ
cosχ
MeY eY ′ +MeY tan
2 χ , (6)
as well as the mixing mass parameter between U(1)Y and U(1)Q′ gauginos
MeY eZ′ =
MeY eY ′
cosχ
−MeY tanχ , (7)
all follow from the soft-breaking setor (See Appendix A). Through the mixing of the gauge
bosons,M eZ′ andMeY eZ′ exhibit an expliit dependene on the masses of the U(1)Y and U(1)Y ′
gauginos, and their mass mixing. MeY eY ′ is the soft-breaking mass that mixes the U(1)Y and
U(1)Y ′ gauginos.
The remaining entries in (5) are generated by the soft-breaking masses in the Higgs setor
via the SU(3)c ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)Q′ breaking. Their expliit expressions are given
by
MeY eHd = MZ sin θW cos β , MeY eHu = MZ sin θW sin β ,
MfW eHd = MZ cos θW cos β , MfW eHu = MZ cos θW sin β ,
µ = hs
vs√
2
, µHd = hs
vd√
2
, µHu = hs
vu√
2
,
µ′Hd = gY ′Q
′
Hd
vd , µ
′
Hu
= gY ′Q
′
Hu
vu , µ
′
S = gY ′Q
′
Svs , (8)
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out of whih only µ and µ′S involve vs. These entries sale with MZ′, and thus, the heavier
the Z ′ boson, the larger the S˜Z˜ ′ mixing.
The lightest neutralino χ˜01 is absolutely stable, and therefore, it is a natural andidate for
old dark matter in the universe. The singlino S˜ does not ouple to fermions. The other two
Higgsinos H˜0u,d ouple very weakly to fermions, exept for the top quark (and to the bottom
quark and the tau lepton to a lesser extent). Consequently, the sattering proesses involving
(s)fermions of the rst and seond generations are expeted to be dominantly sensitive to
the gaugino omponents of neutralinos.
III. THE LHC SIGNATURES OF THE U(1)′ MODEL
The CMS and the ATLAS experiments at the LHC, a protonproton ollider with enter-
of-mass energy
√
s = 14 TeV, will be searhing for physis beyond the SM. The U(1)′ model
would show up in experiments at the LHC via the U(1)
′
gauge boson and gauge fermion
as well as the singlet hiral eld in its superpotential. These fermioni and bosoni elds
give rise to harateristially distint yet not neessarily independent signatures at the LHC
energies. These eets are disussed and ontrasted in this setion with the ones in the
MSSM by employing the gauge basis instead of the physial (mass-eigenstate) basis, for
simpliity and larity of the disussions.
We rst briey summarize those eets whih are genuine to the U(1)′ model by onsid-
ering its bosoni setor only. These eets have been studied in detail in the literature [7℄;
bounds on various model parameters will be tightened as more and more experimental data
aumulate. In this work we will not reanalyze these eets, but will take into aount the
implied onstraints.
The bosoni setor of the U(1)′ model shows up through the Z ′ gauge boson and the
singlet Higgs boson S. The leanest and the most diret signal of a Z ′ gauge boson, if
aessible at the LHC, will be a new resonane, entered at Mℓℓ = MZ′ , in the dilepton
spetrum (ℓ = e or µ unless otherwise stated) [8, 9℄
p p→ Z ′ +X → ℓ+ℓ− +X , (9)
This proeeds through q q annihilation followed by an s-hannel Z ′ exhange. The existing
bounds from LEP [10℄ and Tevatron [11℄ require Z ′ to weigh near a TeV or higher, depending
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on the details of the model whih determine the Z ′ ouplings to the quarks and leptons [8℄.
The extra Higgs boson, H ′ weighs lose to MZ′ and it is typially the heaviest Higgs
boson in the spetrum [12, 13, 14℄. The S eld (whih gives rise to the physial H ′ boson
after diagonalization of the Higgs mass-squared matrix) is produed via
p p→ Z ′ +X → S S⋆ +X , (10)
whereupon the S eld subsequently deays into lighter elds in the model:
S → H0uH0d , H+u H−d , H0d t˜Lt˜⋆R , H+d b˜Lt˜⋆R , H0ub˜Lb˜⋆R , H−u t˜Lb˜⋆R , H0u ℓ˜Lℓ˜⋆R , H−u ν˜Lℓ˜⋆R , (11)
The phenomenologial impliations of these deays have already been analyzed in [13, 14℄.
There are also eets at the LHC whih would involve both the Z ′ and the S elds in an
interating fashion. One suh proess is the Higgs prodution via the Bjorken mehanism
p p→ (Z,Z ′) +X → (Z,Z ′) + CP-even Higgs bosons +X , (12)
whih diers from its MSSM ounterpart by the presene of both the Z ′ and the S ontri-
butions [13℄. It is beause of these eets, in onjuntion with (10), that the Higgs boson
disovery limits an be modied signiantly in the U(1)′ model.
A. U(1)′ Eets Through Gauge and Higgs Fermions
The non-MSSM neutral fermions S˜ and Z˜ ′, whih mediate the superpartner fores, are
part of the neutralino setor (4), and thus, extration of the U(1)′ eets from the ollider
data an also be aomplished via those proesses involving the neutralinos. At hadron
olliders, suh as the LHC, neutralinos (χ˜0i , i = 1, . . . , 6) an be produed diretly in pairs
or in assoiation with the harginos (χ˜+r , r = 1, 2), gluinos g˜ or squarks q˜ [15℄
p p→ χ˜0i χ˜0j , χ˜0i χ˜+r , χ˜0i g˜ , χ˜0i q˜ , (13)
via the s-hannel gauge boson exhange (the rst two hannels above) or the t-hannel
squark exhange (all the hannels). The trilinear gauge boson ouplings are ompletely
antisymmetri for the SU(2)L group and do not exist for the Abelian ones, and hene, Z and
Z ′ gauge bosons do not ouple to the neutral gauginos W˜ 3, B˜ and Z˜ ′. Instead, they ouple
only to the neutral Higgsinos H˜0u,d ontributing to the χ˜
0
i χ˜
0
j prodution. On the other hand,
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theW± boson ouples to W˜ 3W˜± as well as to H˜0u,dH˜
±
u,d, and thus, the s-hannelW
±
exhange
gives rise to χ˜0i χ˜
+
r nal states ontaining both the gauginos and the Higgsinos. In addition,
the Z ′ exhange (dominantly Z2 exhange for small Z−Z ′ mixing) auses pair-prodution of
the singlino S˜. In fat, this hannel is the only mode whih leads to S˜ prodution sine the
t-hannel squark exhange produes only the gaugino omponents of the neutral fermions.
In onsequene, while the s-hannel gauge boson exhanges generate the H˜0u,d and the S˜
omponents of neutralinos, the t-hannel squark exhange gives rise to the W˜ 3, B˜ as well as
the Z˜ ′ omponents. In this sense, the two amplitudes exhibit omplementarity in produing
the neutral Higgsinos and the gauginos. Besides, the neutralino mass matrix (5) enables the
prodution of all the neutralino states χ˜0i , no matter whih gaugino or Higgsino omponent
is atually produed at the interation vertex.
The existing bounds on the Z ′ boson mass [7℄ do not neessarily imply a suppression of
the pair-prodution proesses at the LHC energies, as this ross setion may get enhaned
due to the resonane eets for the enter of mass energy near the Z ′ mass. This implies
that the singlino pair prodution ould be as strong as that involving the other two Higginos
H˜0u,d.
One produed, all neutralinos deay into isolated leptons, hard jets (initiated by quarks
or gluons), photons and the lightest neutralino χ˜01 (whih appears as a momentum imbal-
ane or the missing transverse energy /ET in all the SUSY proesses sine it is the lightest
supersymmetri partile (LSP), whih is stable due to the onserved R parity) via a hain
of asade deays. The deay patterns of interest, espeially those oering lean ollider
signatures, are the ones whih yield isolated leptons. In this sense, a typial asade deay
would look like
(heavy ino)→ (lepton) (slepton)⋆ → (lepton) (anti-lepton) (light ino) , (14)
where 'ino' stands for any of the neutral or harged gauginos or Higgsinos in the model.
Every asade must neessarily end with the 'lightest ino' i.e., the LSP, and therefore, deay
hains of this sort proeed through several intermediate steps depending on the mass and
the ouplings of the mother-ino.
It is highly illustrative to analyze these asade deays in the Lagrangian basis G˜a, and
we do so for the remainder of this setion. A preise analysis in the physial basis χ˜0i , whih
takes into aount the mixings in the neutralino mass matrix (5), will be given in the next
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setion.
The asade deays (14) are the key proesses for determining the spartile properties
from the deay rates and topologies at the LHC [16℄. In the MSSM they involve the hy-
perharge and the isospin gauginos as well as the Higgsinos. In the U(1)′ model, with the
addition of new neutral fermions Z˜ ′ and S˜, the ino deays an aquire ertain novel features
not present in the MSSM. This point an be exemplied by onsidering the deay
W˜ 3 → ℓ+ℓ˜⋆− → ℓ+ℓ−B˜ , (15)
whih in the MSSM hardly ever extends further sine W˜ 3 and W˜± are nearly mass-
degenerate. In fat, the SU(2)L breaking eets that split them in mass turn out to be
small so that χ˜02 and χ˜
±
1 have approximately the same mass [3, 16℄. Hene, in the MSSM
the deay of W˜ 3 dominantly gives a dilepton signal. In ontrast to this, in the U(1)′ model,
if Z˜ ′ falls in between W˜ 3 and B˜ in mass, the asade (15) proeeds through one more step
W˜ 3 → ℓ+ℓ˜⋆− → ℓ+ℓ−Z˜ ′ → ℓ+ℓ−ℓ′+ℓ˜′ ⋆− → ℓ+ℓ−ℓ′+ℓ′−B˜ , (16)
to yield a tetralepton nal state. Obviously, this nal state also arises when Z˜ ′ is heavier than
W˜ 3. Engineered by the U(1)′ gaugino, this is one distintive feature that helps distinguish
the U(1)′ signatures from those of the MSSM.
Unlike the U(1)′ gaugino, the singlino S˜, sine it does not ouple to quarks and leptons
diretly, exhibits a ompletely dierent deay pattern, in that the Higgs bosons are always
involved in the proess. One possible deay hannel proeeds with the U(1)′ gaugino
S˜ → SZ˜ ′ , (17)
where Z˜ ′ deays into leptons and B˜ as desribed above, and the singlet Higgs S deays into
the SM partiles via the doublet Higgs elds Hu,d. The other hannel proeeds with the
Higgsinos in the deay produts,
S˜ → H0uH˜0d , H+u H˜−d , (18)
wherein the Higgs bosons and the fermions follow the usual deay hains until the leptons
(possibly also quarks) plus the B˜ state are reahed.
The diret pair-prodution mehanisms in (13) are not the only means of produing
neutralinos; moreover, they are not neessarily the dominant ones. Indeed, neutralinos
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and harginos are produed in asade deays of the gluinos, squarks and sleptons. As
at the LHC energies, if aessible kinematially, gluinos and squarks possess the largest
prodution ross setion [17℄ among all the spartiles, neutralinos or harginos arising from
the squark/gluino deays must be muh more abundant than from all other soures, and
an analysis of these an give ritial information about the absene/presene of an extra
U(1) group. However, sine all the SUSY proesses end with a debris ontaining χ˜01, whih
esapes detetion in the detetor, a omplete reonstrution of the masses and ouplings of
the spartiles is not possible. Therefore, observability is based on the riterion of having a
signiant exess of events of a given topology over a predetermined bakground [16, 18℄. For
extrating information on a possible U(1)′ group, one has to determine the squark/gluino
deay hannels pertaining to the U(1)′ model, and ompare the signal with the MSSM
predition, as will be done expliitly in the next setion.
The gluinos, unlike the SU(2)L ⊗ U(1)Y ⊗ U(1)′ gauginos, an be pair-produed via the
gluon exhange in the s-hannel at the LHC energies via
p p→ g˜g˜ , q˜q˜ , g˜q˜ , (19)
through gluon-gluon, gluon-quark and quark-quark sattering [17℄. Following their produ-
tion, gluinos and squarks deay further. If the gluino is heavier than squarks then it deays
into a quark and squark q˜
g˜ → q q˜ , (20)
and subsequently q˜ initiates a series of asade deays yielding a debris ontaining jets,
isolated leptons and χ˜01. On the other hand, if the gluino is lighter than (some of the)
squarks then the squark q˜ deays into gluino and quark, and then the gluino deays into
lighter squarks and quarks yielding eventually a similar debris. Therefore, the essential
features of the model an be extrated by exploring the deay patterns of the squarks. The
deay patterns of sfermions, for either hirality, are exhibited in Table I, where the hannels
in the MSSM and the U(1)′ model are displayed in adjaent olumns for omparison. As is
lear from this table, the eet of the U(1)′ group is in the opening of a new hannel
f˜L,R → fL,R Z˜ ′R,L , (21)
by the emission of the U(1)′ gaugino. This hannel modies not only the branhing ratios
of the squarks but also the deay topologies of ertain spartiles expeted in the MSSM.
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Sfermion MSSM U(1)′ Model
f˜R
f˜R → fRB˜
f˜R → fLH˜0f
f˜R → f ′LH˜±f
f˜R → fRB˜
f˜R → fLH˜0f
⊕
f˜R → fRZ˜ ′
f˜R → f ′LH˜±f
f˜L
f˜L → fL B˜
f˜L → fL W˜ 3
f˜L → f ′L W˜±
f˜L → fRH˜0f
f˜L → f ′R H˜±f
f˜L → fL B˜
f˜L → fL W˜ 3
f˜L → f ′L W˜±
⊕
f˜L → fL Z˜ ′
f˜L → fR H˜0f
f˜L → f ′R H˜±f
TABLE I: The deay hannels of the salar fermions f˜ in the MSSM and the U(1)′ model. The
ouplings to Higgsinos H˜±f and H˜
0
f (≡ H˜0u for f = u and ≡ H˜0d for f = d, ℓ) are important only for
the fermions in the third generation, in partiular, the top quark. As follows from (1), the singlino
S˜ does not ouple to fermions diretly, and thus, the U(1)′ ouplings enter via the deays into Z˜ ′
only.
For a learer exposition of the features added by the squark deays into Z˜ ′, we elaborate
on the deay hannels listed in Table I. The squarks of the rst and seond generations
possess the following properties: (i) The mass and gauge eigenstates (espeially for the
salar up and down quarks) are idential due to their exeedingly small Yukawa ouplings,
(ii) the avor and the gauge eigenstates of the salar up and down quarks are idential
whereas the salar strange quark might possesses signiant avor mixing with the salar
bottom quark, (iii) they do not exhibit any appreiable oupling to the Higgsinos but only
to the gauginos, and (iv) they turn out to be the heaviest salars of approximately the same
mass, nearly mass degenerate with the gluino, in the minimal supergravity [3℄. In the light
of these features, these squarks provide a perfet playground for probing the gaugino setor
(and hene the extended gauge strutures) with a onservative number of SUSY parameters
(no diret dependene on the µ parameter and trilinear ouplings, and a weak dependene
on tan β via Dterm ontributions).
In ontrast to the squarks in the rst and seond generations, the squarks of the third
generation exhibit non-negligible ouplings to Higgs bosons and fermions, and hene, all the
deay modes in Table I beome relevant for them. Besides, they neessarily exhibit sizable
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left-right mixings ausing mass eigenstate squarks to have signiant mass splitting [12℄.
Moreover, at least in the minimal supergravity, the third generation squarks, espeially the
stops, turn out to weigh well below the ones in the rst and seond generations thanks to
the ounter balaning eet of the rise in the squark mass due to the Yukawa ouplings
[3℄. Beause of these features, the third generation squarks involve a larger set of SUSY
parameters than the rst and seond generation ones, and therefore, they enable exploration
of various parameters, like the trilinear ouplings and the µ parameter, not possible with the
rst and seond generation squarks. In this work we will not explore the third generation
squarks any further. They are in priniple distinguishable by their deay produts  the
top and bottom quarks an be tagged at the LHC experiments with good eieny. While
their exploration would give important information about various SUSY parameters, and
espeially, on the Higgs/Higgsino setors, for the purpose of disentangling the imprints of the
extra gauge symmetries in experimental data, the squarks in the rst and seond generations
would sue.
As a highlighting ase study, we start with the analysis of the deay patterns of the rst
or the seond generation right-handed squark. From Table I it is lear that, in the MSSM, a
right-handed squark q˜R, with no gauge quantum number other than olor and hyperharge,
possesses one single deay hannel
q˜R → qR B˜ , (22)
whih uniquely leads to 1 jet+ 0 lepton+ /ET signal if the bino B˜ is the LSP. If bino is not
the LSP, then it further deays into χ˜01 emitting at least one dilepton ℓ
+ℓ− [16℄. In either
ase, the deay mode above has 100% branhing fration as there is no other open deay
hannel for the q˜R in the MSSM.
In ontrast to the MSSM deay mode (22), the right-handed squarks exhibit a ompletely
new deay pattern in the U(1)′ model. As seen from Table I, q˜R now deays via two distint
hannels
q˜R → qR B˜ , q˜R → qR Z˜ ′ , (23)
so that the branhing ratio into B˜ is no longer 100%. A rough estimate gives
BU(1)′
(
q˜R → qR B˜
)
≃ g
2
Y Y
2
qR
g2Y Y
2
qR
+ g2Y ′Y
′ 2
qR
< BMSSM
(
q˜R → qR B˜
)
= 1 , (24)
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where, realistially, gauginos are taken to be light m eB, m eZ′ ≪ meqR , and various mixings
enoded in the neutralino mass matrix (5) are negleted for simpliity. This estimate reveals
that the gauge fermion Z˜ ′ of the U(1)′ group modies the deay properties of the right-
handed squarks in a way that an be probed by a measurement of the squark branhing
ratio.
However, the branhing fration is not the whole story. Indeed, depending on the nature
of the LSP, one an make further observations whih ould be of ruial importane for
the searhes for an extra U(1) group at the LHC. Below, we elaborate on several distint
possibilities:
• Bino LSP: In this ase, in the MSSM, right-handed squarks with light fermioni part-
ners deay only hadronially as in (22). The resulting 0 lepton+1 jet+ /ET signal an
be unambiguously established at the LHC [16℄.
The situation in the U(1)′ model is strikingly dierent than in the MSSM. Deays into
the B˜ yield purely hadroni states as in the MSSM. However, deays into the Z˜ ′ give
rise to a hain of asade deays depending on how heavy Z˜ ′ is ompared to other
gauginos. While the rst deay hannel in (23) still generates a 0 lepton+ 1 jet+ /ET
signal of relative amount (24), the seond hannel in (23) gives rise to the nal states
ontaining at least two oppositely-harged leptons. One an have dileptons
q˜R → qR Z˜ ′ → qR ℓ+ℓ˜⋆− → qR ℓ+ℓ−B˜ , (25)
or tetraleptons
q˜R → qR Z˜ ′ → qR ℓ+ℓ˜⋆− → qR ℓ+ℓ−W˜ 3 → qR ℓ+ℓ−ℓ′+ℓ˜′
− → qR ℓ+ℓ−ℓ′+ℓ′−B˜ , (26)
in the nal state. Sleptons in the intermediate states ouple to gauginos and leptons
via the modes listed in Table I.
Thus, when the LSP is dominated by bino (whih is what happens in most of the
parameter spae [6℄), a prime signature of a U(1)′ extension of the MSSM is the re-
dution of purely hadroni events originating from the deays (22) and a orresponding
enhanement of the leptoni events via the deays (25) and (26). While the rates of
these deays and the depletion in the number of purely hadroni events depend on
the masses and ouplings of the intermediate spartiles in the asades, the leptoni
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nal states stemming from the right-handed squarks should oer suiently lean
signatures to establish the existene of a U(1)′ extension at the LHC.
• Zino-prime LSP: In this ase, mainly the roles of the B˜ and Z˜ ′ are interhanged in
terms of hadroni/leptoni ontents of the deay produts. In partiular, while the
seond deay hannel in (23) leads to purely hadroni events, the rst one gives rise to
the leptoni nal states similar to (25) and (26). In this senario, an interesting point
is that the squark deays through the U(1)′ gaugino lead to non-leptoni 1 jet + /ET
nal states.
• Oblique LSP: In general, the LSP does not need to be overwhelmed by a single gaugino
and Higgsino omponent. Indeed, existing bounds on the reli density of dark matter
partiles an be satised with an LSP andidate omprised of various neutral fermions.
While in the U(1)′ model under study, the LSP is dominated by the bino omponent in
most of the parameter spae [6℄, depending on the dominant ompositions of the LSP,
a given deay mode, as listed in Table I, may or may not exhibit a hain of asades
ending preferably with leptons.
The above onsiderations show that the deay patterns of the right-handed squarks in the
rst and the seond generations would prove to be sensitive probes of gauge extensions of
the MSSM under whih right-handed quark elds are harged.
The deay harateristis of the left-handed squarks dier from those of the right-handed
squarks due to their SU(2)L quantum number. Indeed, as shown in Table I, the left-handed
squarks deay not only into the bino but also into the harged and neutral winos. Therefore,
a left-handed squark, in a bino LSP senario, an yield a 0 lepton + 1 jet + /ET nal state
via its deay into B˜ as in (22), as well as the nal states with 1 jet + /ET plus at least one
harged lepton. The main impat of the deays into Z˜ ′ depends on the Z˜ ′ mass, inreasing
the length of the asade.
Nonetheless, even in the left-handed fermion setor, there are still interesting patterns
for whih the MSSM and the U(1)′ model exhibit striking dierenes. For example, onsider
the single lepton prodution mode:
q˜L → q′LW˜± → q′Lℓ±ν˜⋆ℓ → q′Lℓ±νℓB˜ , (27)
wherein the missing energy omprises both the bino and the neutrino emissions. Sine W˜±
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and W˜ 3 are nearly degenerate in mass, this asade hardly extends any further in the MSSM.
In the U(1)′ model, however, if Z˜ ′ lies below W˜ 3 and above B˜ then the deay hain (27)
proeeds one step further
q˜L → q′LW˜± → q′Lℓ±ν˜⋆ℓ → q′Lℓ±νℓZ˜ ′ → q′Lℓ±νℓℓ′+ℓ˜′+ → q′Lℓ±νℓℓ′+ℓ′ −B˜ , (28)
yielding a trilepton signal. This U(1)′ result is strikingly dierent from the one in the MSSM
where the trilepton signal is expeted to be suppressed, if not ompletely bloked.
If the the LSP is not the bino but the Z˜ ′, then essentially the roles of (27) and (28) are
interhanged. A Z˜ ′ LSP has the same features mentioned while disussing the q˜R deays.
For a Higgsino LSP deay, (27) gains further steps yielding additional lepton pairs.
Summarizing this subsetion, we have investigated the ollider signatures of the U(1)′
group in the asade deays of the rst and seond generations salar quarks. This extra
gauge symmetry oers various ollider signatures by modifying the rates, topologies and
and the pattern of various deay modes. The U(1)′ gaugino Z˜ ′ and the singlino S˜ are
the avatars of the U(1)′ model. The disussions have been based on the Lagrangianbasis
inos G˜a for a lear traking of various eets. An aurate analysis must neessarily take
into aount the physial, mass-eigenstate neutral fermions χ˜0i as well as the mass-eigenstate
sfermions (mainly the ones in the third generation). This will undertaken in the next setion
in numerial studies of the squark deays.
IV. THE LHC SIGNALS OF THE U(1)′ MODEL
In this setion we perform a simulation study of the sattering proesses indiative of the
additional U(1)′ group. In partiular, we analyze the deay patterns of the salar quarks
in order to determine their rates, topologies and signatures by expliitly working with the
physial neutralinos, squarks and sleptons.
The U(1)′ model onsists of a number of parameters not yet speied by experiments.
In order to make realisti numerial estimates of the proesses disussed in the previous
setion, one has to adopt a set of viable parameters, ompatible with the existing bounds
from various soures. To this end, the following parameter hoies will be used in the
numerial analysis:
• The rst group of unknown parameters refers to the U(1)′ harges of the elds. All the
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properties of the U(1)′ model advoated so far hold for a generi harge assignment.
For the numerial analysis, we assume the GSM ⊗U(1)′ models to be desending from
SUSY GUTs whih provide the absene of anomalies and several other well-studied
features [1℄. The breaking pattern
E6 → SO(10)⊗ U(1)ψ → SU(5)⊗ U(1)χ ⊗ U(1)ψ → GSM ⊗ U(1)′Y ′ , (29)
gives rise to the GSM⊗U(1)′ model of interest from the E6 SUSY GUT. Eah arrow in
this hain orresponds to spontaneous symmetry breakdown at a spei (presumably
ultra high) energy sale. Here, by onstrution,
U(1)Y ′ = cos θE6 U(1)ψ − sin θE6 U(1)χ , (30)
and the U(1)′ invariane is broken near the TeV sale whereas the other orthogonal
ombination U(1)′′Y ′ = cos θE6 U(1)χ + sin θE6 U(1)ψ is broken at a muh higher sale,
not aessible to the LHC experiments. The angle θE6 designates the breaking diretion
in U(1)χ⊗U(1)ψ spae and it is a funtion of the gauge ouplings and VEVs assoiated
with the breaking. The U(1)χ and U(1)ψ harge assignments are shown in Table II.
In (30), a low-energy GSM⊗U(1)′ model arises with
Y ′f = cos θE6 Q
f
ψ − sin θE6 Qfχ ,
gY ′ =
√
5
3
gY , (31)
for any eld f in the spetrum with the breaking determined by the angle θE6 . It is
lear that if the U(1)′ model is to solve the µ problem of the MSSM, then Y ′
bS
6= 0, and
hene, as suggested by Table II, θE6 = π/2 should be avoided.
• The soft-breaking masses shared with the MSSM are assigned the following values:
meqL = meqR = 1200 GeV,
meL = 350 GeV, meR = 200 GeV,
MeY = 100 GeV, MfW = 400 GeV, Meg = 1300 GeV , (32)
where meqL,R and meL,R stand, respetively, for the soft masses (before GSM ⊗ U(1)′
breaking) of squarks and sleptons in the rst and seond generations. These param-
eter values, as for all others, refer to TeV sale, and no assumption is made of the
universality of gaugino and salar masses at high sale.
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f̂ Q̂ Û D̂ L̂ Ê Ĥd Ĥu Ŝ N̂ D̂u D̂d
2
√
6Qfψ 1 1 1 1 1 -2 -2 4 1 -2 -2
2
√
10Qfχ -1 -1 3 3 -1 -2 2 0 -5 2 -2
TABLE II: The U(1)ψ and U(1)χ harges of the superelds. The left side of the table lists the
partile spetrum of GSM ⊗ U(1)′ model whereas on the right side, the hiral elds N̂ , D̂u and
D̂d form a setor neessary for aneling the anomalies [19℄, yet too heavy to leave any signiant
impat on the LHC experiments [9℄. Clearly, U(1)ψ is a viable model for solving the µ problem of
the MSSM but U(1)χ is not.
• The parameters pertaining to the U(1)′ setor are assigned the values (the value of
µeff determines the singlet VEV and in turn it determines MZ′)
hs = 0.6, µeff = 1400 GeV, tan β = 10, sinχ = 5× 10−3 (33)
where the value of the kineti mixing angle χ follows from its radiative nature [3,
20℄. The ranges of the parameters must be suh that the bound |θZ−Z′| <∼ 10−3 [7℄ is
respeted.
• Among the well-studied E6 models [1℄ we speialize to the one dened by the mixing
angle
θE6 = arcsin
[√
3/8
]
≃ 37.76◦ , (34)
whih orresponds to the U(1)′ ≡ U(1)η model. Experimentally, MZ′ ≥ 933 GeV, [11℄
though this bound is lower by typially 250 GeV if the deays into spartiles are taken
into aount [9℄.
• For simpliity and later onveniene, we sale the gaugino mass parameters MeY ′ and
MeY eY ′ with the hyperharge gaugino mass to dene the ratios:
RY ′ ≡ MeY ′
MeY
, RY Y ′ ≡ MeY eY ′
MeY
, (35)
the relevant values of whih are sampled aording to (36), (37) and (38). In obtaining
various numerial results we employ dierent possibilities for the remaining model
parameters:
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 Small U(1)Y U(1)Y ′ Mixing:
(RY ′ , RY Y ′) = (1/2, 0), (2, 0), (6, 0), (10, 0) . (36)
 Medium U(1)Y U(1)Y ′ Mixing:
(RY ′ , RY Y ′) = (0, 0), (1/2, 1/2), (2, 2), (6, 6), (10, 10) . (37)
 Large U(1)Y U(1)Y ′ Mixing:
(RY ′ , RY Y ′) = (0, 1/2), (0, 2), (0, 6), (0, 10) , (38)
In eah ase, the Z˜ ′ gaugino falls in dierent bands in mass and mixing, and, depending
on how they ompare with those of the eletroweak gauginos, various deay hains an
lose or open, thereby leading to distint signatures at the LHC, as disussed in Se.
III above, and to distint preditions in the gures and tables to be given below.
The numerial analysis below will provide a generator-level desription of the LHC signals
of the U(1)′ model for the parameter values speied above. The hoie of the η model is in
no way better than any other model desending from the E6 SUSY GUT. Moreover, one an
just adopt a low-energy U(1)′ model without resorting to the E6 framework, at the expense
of a muh larger set of free parameters. Therefore, the U(1)η model adopted here an be
regarded as a prototype to get an idea of what physis potentials suh models an have at
the LHC, ompared to the MSSM.
A. Branhing Frations of Squark Deay Channels
In this setion we ompute the branhing frations of the various deay hannels disussed
in Se. III. The branhing frations will eventually determine the relative populations of
the nal states that onstitute the signature spae of events to be searhed for at the LHC.
Essentially, we analyze the deay patterns of the squarks by onsidering separately the q˜R
and q˜L squarks in the rst and seond generations (they are themselves mass and avor
eigenstates, to an exellent approximation). We take the parameter values from (31), (32),
(36), (37) and (38). For eah, we ompute the branhing frations in the MSSM and in the
U(1)′ model, and display them omparatively in the gures to follow. The gures employ a
diagrammati display struture for a lear understanding of the various branhing illustrated
by varying RY ′ and RY Y ′ as in (36), (37) and (38).
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(ReY ′ ,ReY fY ′) Meχ01 Meχ02 Meχ03 Meχ04 Meχ05 Meχ06
MSSM 100GeV 398GeV − − 1402GeV 1405GeV
(1/2, 0) 100GeV 398GeV 955GeV 1007GeV 1407GeV 1408GeV
(2, 0) 97GeV 398GeV 885GeV 1087GeV 1407GeV 1408GeV
(6, 0) 97GeV 398GeV 725GeV 1326GeV 1407GeV 1408GeV
(10, 0) 97GeV 398GeV 600GeV 1407GeV 1407GeV 1602GeV
(0, 0) 100GeV 398GeV 980GeV 982GeV 1407GeV 1408GeV
(1/2, 1/2) 100GeV 398GeV 957GeV 1008GeV 1407GeV 1408GeV
(2, 2) 97GeV 398GeV 905GeV 1107GeV 1407GeV 1408GeV
(6, 6) 77GeV 398GeV 876GeV 1405GeV 1407GeV 1497GeV
(10, 10) 54GeV 398GeV 960GeV 1407GeV 1407GeV 1998GeV
(0, 1/2) 100GeV 398GeV 982GeV 983GeV 1407GeV 1408GeV
(0, 2) 97GeV 398GeV 1000GeV 1002GeV 1407GeV 1408GeV
(0, 6) 76GeV 398GeV 1141GeV 1159GeV 1407GeV 1409GeV
(0, 10) 53GeV 398GeV 1382GeV 1391GeV 1407GeV 1437GeV
TABLE III: The neutralino mass spetra in the U(1)′ model for the parameter sets (36), (37) and
(38).
In Table III, we list the neutralino masses both in the MSSM and the U(1)′ model
obtained for the values of ReY ′ and ReY fY ′ . As seen in this table, variations of these ratios
mainly modify the masses of the third and fourth neutralinos. In other words, the MSSM
mass spetrum orresponds approximately to the states {χ˜01, χ˜02, χ˜05, χ˜06}; the U(1)′ eets
amount to inserting the extra states {χ˜03, χ˜04} into the mass spetrum. The MSSMlike
neutralinos are nearly immune to these ratios, exept for the the ases ReY ′ = 10 and/or
ReY fY ′ = 10, for whih the mass of the Z˜ ′ and/or its mixing with B˜ exeed the B˜ mass by
an order of magnitude. One noties that, Meχ03 (in small and medium mixing regimes) and
Meχ01 (in medium and large mixing regimes) typially derease with inreasing ReY ′ and/or
ReY fY ′. This derease in Meχ03 and Meχ01 is most sensitively orrelated with the orresponding
inrease in Meχ06 .
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The nature of a given neutralino state χ˜0i is determined by its deomposition into the
Lagrangian basis
{
B˜, W˜ 3, H˜0d , H˜
0
u, S˜, Z˜
′
}
. Depited in Table IV are the ompositions of χ˜01
(the LSP), χ˜03 and χ˜
0
4 for the parameter sets (36), (37) and (38). As suggested by the table,
the LSP is overwhelmed by its bino omponent in the small mixing regime, as in the MSSM
and in aord with [6℄. Nevertheless, its bino omponent beome approximately equal to its
singlino omponent for large ReY ′ and/or ReY fY ′, in the medium and large mixing regimes.
This inrease in the singlino omponent implies redued ouplings of the LSP to fermions
and sfermions, as disussed in Appendies A and C.
The neutralino states χ˜03,4 behave dierently than the LSP, as they are, as suggested by
Table III, genuine to U(1)′ model. Indeed, they are overwhelmed by Z˜ ′ and S˜ for all of
the small, balaned and large mixing regimes. The exeptions arise for large ReY ′ and/or
ReY fY ′ values for whih χ˜03 develops a signiant bino omponent, and χ˜04 hanges to be
Higgsinodominated. For the large mixing regime, however, also χ˜04 obtains a signiant
bino omponent as ReY fY ′ grows. These ompositions, as detailed in Table IV, diretly
inuene deay patters and produts of a given neutralino: A sizeable Z˜ ′ omponent gives
rise to novel deay patters desribed in Se. III A, a sizable S˜ omposition halts the asade
as it annot diretly deay into fermions, and, similarly, a sizeable bino omponent stops
the asade as it dominates χ˜01.
(ReY ′ ,ReY fY ′) χ˜01,3,4 B˜ W˜ 3 H˜0d H˜0u S˜ Z˜ ′
MSSM
(
χ˜01
)
MSSM
(
 χ˜01
)
0.99 −0.0044 0.019 0.026 − −(
χ˜03
)
MSSM
(
 χ˜05
)
0.032 −0.064 −0.71 −0.70 − −(
χ˜04
)
MSSM
(
 χ˜06
) −0.0084 0.029 −0.71 0.71 − −
(1/2, 0)
χ˜01 −0.99 0.0023 −0.032 0.0054 −0.0004 −0.0033
χ˜03 −0.0023 0.0038 0.021 0.067 −0.71 0.70
χ˜04 0.0031 −0.0073 −0.0042 0.055 −0.70 −0.71
(2, 0)
χ˜01 0.99 −0.0023 0.032 −0.0054 −0.0001 0.0033
χ˜03 −0.0025 0.004 0.019 0.066 −0.74 0.67
χ˜04 0.0029 −0.0065 0.0065 0.055 −0.67 −0.74
(6, 0)
χ˜01 0.99 −0.0022 0.032 −0.0053 −0.0014 0.0032
χ˜03 −0.0031 0.0046 0.015 0.067 −0.80 0.59
χ˜04 −0.0033 −0.0071 0.037 −0.079 0.59 0.80
(10, 0)
χ˜01 0.99 −0.0022 0.032 −0.0052 −0.0026 0.0030
χ˜03 −0.0038 0.0053 0.013 0.068 −0.85 0.52
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χ˜04 −0.018 0.028 0.71 0.71 0.063 −0.008
(0, 0)
χ˜01 0.99 −0.0023 0.032 −0.0054 0.00057 0.0034
χ˜03 0.0023 −0.0038 −0.022 −0.067 0.70 −0.71
χ˜04 0.0032 −0.0077 −0.0036 0.056 −0.71 −0.71
(1/2, 1/2)
χ˜01 −0.99 0.0013 −0.032 0.0016 0.051 0.0018
χ˜03 −0.035 0.0037 0.020 0.066 −0.71 0.70
χ˜04 0.036 0.0076 0.0069 −0.057 0.70 0.72
(2, 2)
χ˜01 0.98 0.0016 0.032 0.0094 −0.20 −0.016
χ˜03 0.14 −0.0037 −0.013 −0.062 0.73 −0.67
χ˜04 −0.14 −0.0076 −0.020 0.066 −0.65 −0.74
(6, 6)
χ˜01 −0.86 −0.0075 −0.030 −0.033 0.51 0.036
χ˜03 −0.38 0.0032 −0.00064 0.051 −0.69 0.62
χ˜04 −0.039 −0.061 −0.69 0.70 −0.051 −0.14
(10, 10)
χ˜01 0.72 0.011 0.027 0.048 −0.70 −0.035
χ˜03 −0.55 0.0023 −0.012 0.037 −0.60 0.58
χ˜04 −0.021 0.028 0.71 0.71 0.054 0.0043
(0, 1/2)
χ˜01 −0.99 0.0013 −0.031 0.0016 0.051 0.0018
χ˜03 −0.035 0.0037 0.021 0.066 −0.70 0.71
χ˜04 0.037 0.0079 0.0062 −0.057 0.70 0.71
(0, 2)
χ˜01 0.98 0.0017 0.032 0.0097 −0.20 −0.016
χ˜03 0.13 −0.0035 −0.016 −0.062 0.69 −0.71
χ˜04 −0.15 −0.0085 −0.015 0.063 −0.69 −0.71
(0, 6)
χ˜01 0.85 0.0078 0.030 0.035 −0.52 −0.037
χ˜03 −0.35 0.0025 0.0031 0.048 −0.61 0.71
χ˜04 0.39 0.0096 0.050 −0.087 0.59 0.70
(0, 10)
χ˜01 −0.70 −0.011 −0.026 −0.050 0.71 0.035
χ˜03 0.48 −0.0021 0.097 −0.057 −0.51 0.71
χ˜04 −0.30 −0.052 −0.57 0.59 −0.26 −0.42
TABLE IV: The omponents of χ˜01 (the LSP), χ˜
0
3 and χ˜
0
4 in the Lagrangian basis{
B˜, W˜ 3, H˜0d , H˜
0
u, S˜, Z˜
′
}
for the parameter sets (36), (37) and (38).
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Having ompleted the speiation of the neutralino setor, we now turn to the analysis
of the salar quark deays. We ompute the branhing ratios of the deays
squark→ quark + χ˜0i , (39)
for eah quark hirality and for eah of the parameter sets (36), (37) and (38). The results
are shown in Figs. 1, 2, 3 for q˜R, and Figs. 4, 5, 6 for q˜L.
As illustrated by the panels (a) of Figs. 1, 2 and 3, in the MSSM, a right-handed salar
quark deays dominantly into the LSP sine it is overwhelmingly the bino. This feature of
the right-handed squarks gives rise to jets + /ET signal at the LHC. By the same token, a
left-handed gluino deays into two quarks and the LSP, and it thus auses 2 jets+ /ET events
at the LHC [16℄.
In the U(1)′ model the right-handed squarks ouple to both the B˜ and Z˜ ′, opening novel
deay hannels. These features are expliitly depited in Fig. 1 (small mixing regime), Fig.
2 (medium mixing regime), and Fig. 3 (large mixing regime). As suggested by these gures,
the right-handed squarks develop additional deay hannels with non-negligible branhing
frations.
In the small mixing regime of (36), the right-handed squark q˜R deays not only into q χ˜
0
1
but also into q χ˜03 (whose branhing ratio inreases with ReY ′) and q χ˜04 (whose branhing
ratio dereases with ReY ′ as its mass grows to exeed that of the squark).
In the medium mixing regime of (37), the right-handed squark develops a muh larger
branhing fration into q χ˜03, as shown in Fig. 2. In fat, it reahes the 20% level when
ReY ′ = ReY fY ′ = 10. This gure is large enough to make this parameter regime to be explored
further, as will be done in the next subsetion.
For the large mixing regime of (38), the branhing fration of the deays into q χ˜03 de-
reases with inreasing ReY fY ′ , and, as seen from Fig. 3, eventually vanishes when the deay
hannel is losed kinematially at ReY fY ′ = 10. This extreme is indistinguishable from the
MSSM ase, shown in panel (a). This is expeted sine, all the neutralinos but χ˜01, beome
too heavy to be produed on-shell by the squark deay.
These gures make it lear that, in the U(1)′ model, the right-handed squarks an deay
into neutralinos other than the LSP. This feature guarantees that, unlike the purely hadroni
events 0 lepton + jets + /ET expeted in the MSSM, in the U(1)
′
model hadroni as well
as leptoni events are initiated by the right-handed squarks. This property, whih will be
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FIG. 1: The branhing frations (%) of right-handed squarks q˜R belonging to the rst or seond
generation as a funtion of the neutralino and hargino masses. Shown are branhing frations
exeeding one perent level. The panel (a) stands for the MSSM expetation while the rest orrespond
to the parameter set in (36), that is, the small mixing regime. The branhing into q χ˜03 grows with
dereasing Meχ03 .
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FIG. 2: The branhing frations (%) of right-handed squarks q˜R belonging to the rst or seond
generation as a funtion of the neutralino and hargino masses. Shown are branhing frations
exeeding one perent level. The panel (a) stands for the MSSM expetation while the rest orrespond
to the parameter set in (37), that is, the medium mixing regime. The branhing into q χ˜03 grows
with dereasing Meχ03 , and reahes the 20% level when ReY ′ = ReY fY ′ = 10.
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FIG. 3: The branhing frations (%) of right-handed squarks q˜R belonging to the rst or seond
generation as a funtion of the neutralino and hargino masses. Shown are branhing frations
exeeding one perent level. The panel (a) stands for the MSSM expetation while the rest orrespond
to the parameter set in (38), that is, the large mixing regime. The branhing into q χ˜03 dereases
with inreasing Meχ03 , and is kinematially bloked when ReY fY ′ = 10. At this extreme, the branhing
of the squark is indistinguishable from the MSSM ase.
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FIG. 4: The same as in Fig. 1 but for q˜L.
analyzed in detail in the next subsetion, is a golden mode to disover suh extensions. One
also notes that the branhings of q˜R signiantly dier from that in the MSSM only in the
medium mixing regime, that is, the parameter set (37). In addition, the large mixing regime
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FIG. 5: The same as in Fig. 2 but for q˜L.
of (38), beomes indistinguishable from the MSSM ase at large ReY fY ′ .
As illustrated by the panels (a) of Figs. 4, 5 and 6, in the MSSM, a left-handed salar
quark deays dominantly into quark plus the lighter hargino χ˜±1 or quark plus the next-to-
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FIG. 6: The same as in Fig. 3 but for q˜L.
lightest neutralino χ˜02. Therefore, the left-handed salar quarks, as analyzed in Se. III B
and listed in Table I, give rise to leptoni nal states abundantly. The pure hadroni nal
states are rather rare [16℄.
29
Table III shows that the mass of χ˜02 remains stuk to its MSSM value, to an exellent
approximation. The lighter hargino, whih is W˜± dominated, is not expeted to deviate
from its MSSM mass. Consequently, the U(1)′ eets are not expeted to ause dramati
hanges from the branhing frations of q˜L in the MSSM. This is seen to be the ase from
Figs. 4, 5 and 6 orresponding to small, medium and large mixings among U(1)Y and U(1)
′
Y
gauginos, respetively, learly showing that the deay hannels of the left-handed squarks are
nearly immune to the U(1)′ eets. The onlusion from this subsetion is that the U(1)′-
eets beome visible mainly in the fermioni deays of the right-handed salar quarks, but
not in the left-handed ones. The medium mixing regime of (37) stands as a partiularly
promising parameter domain for hunting the U(1)′ eets.
B. The LHC Signatures of the U(1)′ Model Through jets + leptons+ /ET Events
Having omputed the squark branhing ratios in the previous setion, we now turn to the
analysis of various nal states to be searhed for by the ATLAS and CMS experiments at
the LHC. We perform a simulation study of a number of LHC events for the MSSM and the
U(1)′ model in a omparative fashion. The sattering proesses of interest have the generi
form
p p→ X + SIGNAL , (40)
where SIGNAL stands for the partiular nal state haraterizing the event. An optimal
overage of the events for whih the MSSM and the U(1)′ model an exhibit striking dif-
ferenes are lassied in Table V. We ompute the ross setions and branhing ratios,
and generate partonlevel events by using CalHEP v.2.5 [21℄. We modied the pakage
to inorporate the features pertaining to the U(1)′ model with the help of LanHEP Pakage
[22℄. Hadronization (inluding initial and nal state radiations) and restritions imposed by
various uts have been ahieved with PYTHIA [23℄ by using the CalHEP-PYTHIA interfae.
The parton distributions in the proton have been parametrized by using CTEQ6L of LHAPDF.
The number of events are alulated for an integrated luminosity L = 100 fb−1, for whih
the LHC has a sensitivity to the squark and gluino masses around 2.5 TeV [16℄. Our goal
here is to determine how the MSSM and the U(1)′ model dier in their preditions for the
signals in Table V, driven by the presene of the extra gauge and Higgs fermions. A detailed
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SIGNAL FINAL STATE CANDIDATE PROCESSES FOR Njets = 2
SIGNAL 1 0 ℓ+ jets+ /ET p p→
(
q˜ → q χ˜01
) (
q˜ → q χ˜01
)
SIGNAL 2 1 ℓ+ jets+ /ET p p→
(
q˜ → q′ ℓνℓχ˜01
) (
q˜ → q χ˜01
)
SIGNAL 3A
SIGNAL 3B
2 ℓ+ jets+ /ET
p p→ (q˜ → q′ ℓνℓχ˜01) (q˜ → q′ ℓνℓχ˜01)
p p→ (q˜ → q ℓ+ℓ−χ˜01) (q˜ → q χ˜01)
SIGNAL 4A
SIGNAL 4B
3 ℓ+ jets+ /ET
p p→ (q˜ → q′ ℓνℓℓ′+ℓ′−χ˜01) (q˜ → q χ˜01)
p p→ (q˜ → q′ ℓνℓχ˜01) (q˜ → q ℓ′+ℓ′ −χ˜01)
TABLE V: The basi LHC signals simulated with Monte Carlo event generators. Here ℓ = e or µ,
and `jets' stands for any number of jets in the nal state. Eah signal reeives ontributions from
one or more deay proesses, the strengths of whih hange as one swithes from the MSSM to the
U(1)′ Model. The andidate proesses listed here involve only Njets = 2; the signals started by
gluinos, whih ause more jets than Njets = 2, are not shown.
bakground analysis is not warranted in this work sine its main goal is to ompare the
MSSM and the U(1)′ model preditions for the signal events under onsideration. Nonethe-
less, as a set of generi uts for revealing 'new physis' eets (ompared to the SM ones),
we selet only those events satisfying the following restritions:
• Eah harged lepton in the nal state must have a transverse momentum pℓT >
15 GeV/c.
• Eah jet must have a transverse momentum pjetT > 20 GeV/c.
• The missing transverse energy must satisfy /ET ≥ 100 GeV.
• The partiles at the nal state propagate in the transverse diretion so that the pseu-
dorapidity stays in the interval −2 ≤ η ≤ 2.
• The initiator energy of jets is 2 GeV.
• Two jetted showers of partiles are taken to be two distint jets if their spatial sepa-
ration satises ∆Rjj > 0.7.
We now perform a full generator-level analysis of the events tabulated in Table V by taking
into aount the generation and deays of all the squarks in the rst and seond generations
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as well as the gluino via the p p satterings in (40). We use the Feynman rules in Appendix
D, ompute the populations of the events in Table V, and plot the results against various
observables of interest at the LHC. The analysis performs a omparative study between the
MSSM and the U(1)′ model in regard to their preditions for the proesses in Table V.
Conerning the parameter hoie, we take the U(1)′ model to be in the medium mixing
regime of (37), and onsider the two points
(ReY ′ , ReY fY ′) = (0, 0) and (10, 10) , (41)
in all the gures that follow. These two points are piked up on the basis of highlighting
the U(1)′ eets in omparison to those of the MSSM.
Among the signals listed in Table V, the signal 3 ℓ+ 2 jet+ /ET (SIGNAL 4A), where all
leptons originate from the same branh, is not onsidered further in the numerial analysis.
This is due to the fat that this signal requires a deay hain like in Eq. (28) and sine we
use narrow-width approximation, the salar neutrino ν˜ℓ (taken to be relatively light) has
to deay through a 4-body deay ν˜ℓ → ν¯ℓℓ′+ℓ′−B˜ with a tiny branhing ratio. Thus, the
signal will be muh suppressed as ompared with the others. This observation is onsistent
with the region of the parameter spae onsidered here, sine for instane, salar neutrinos
heavier than χ˜02 and salar leptons would make it ompetitive with the others.
The observables with respet to whih we analyze the number of events are as follows:
• The number of jets Njets with bin size= 1 GeV,
• The transverse energy of the jets EjetsT with bin size= 3 GeV,
• The missing transverse energy /ET with bin size= 20 GeV,
• The salar sum of the transverse energies of the jets and leptons EsumT with bin size=
40 GeV,
• The transverse momentum of the hardest lepton pT (ℓhard) with bin size= 10 GeV,
• The dilepton invariant mass Minv(ℓℓ) with bin size= 19 GeV.
Distributions with respet to these variables are expeted to provide a global piture of the
distintive features of the events in Table V in regard to a omparative analysis of the MSSM
and the U(1)′ models.
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FIG. 7: The binwise (bin size= 1 GeV) distribution of the number of purely hadroni events (the
events of the type SIGNAL 1 in Table V) with the number of jets Njets for dierent E
jets
T ranges
at an integrated luminosity of L = 100 fb−1 in the MSSM (panel (a)) and in the U(1)′ model with
(RY ′ ,RY Y ′) = (0, 0) (panel (b)) and (RY ′ ,RY Y ′) = (10, 10) (panel ()). The number of hadroni
events, in agreement with the disussions of Se. III B, are depleted in the U(1)′ model ompared
to the MSSM. It is lear that the larger the transverse energy of the jets the loser the event is to
dijet type.
The SIGNAL 1 in Table V is analyzed in Figs. 7, 8 and 9. Similarly, SIGNAL 2 is
analyzed in Figs. 10, 11 and 12, SIGNAL 3A in Figs. 13, 14 and 15, SIGNAL 3B in Figs.
16, 17 and 18, and nally SIGNAL 4B in Figs. 19, 20 and 21. We disuss these plots in
terms of their ability to disriminative between the MSSM and U(1)′ models. In these plots,
we inlude ontributions from all possible squark pair-prodution hannels: q˜R q˜R, q˜L q˜L, and
q˜L q˜R. In addition, we inlude the eets of the pair-prodution of the gluinos g˜ g˜ as well
as the assoiated prodution of the gluinos and squarks, g˜ q˜L,R. We ombine ontributions
from all light quarks (the ones in the rst and seond generations) as jets in the nal state
without distinguishing quarks and anti-quarks.
Figs. 79 depit the number of purely hadroni events (SIGNAL 1 in Table V) as funtions
of the variables listed above. Fig. 7 shows how the number of purely hadroni events vary
with the number and transverse energy threshold of the jets. It is seen that, the low-energy
jets EjetsT > 20 GeV exhibit a broad distribution over Njets = 2 (from the squark pair
prodution), Njets = 3 (from the gluino-squark assoiated prodution), Njets = 4 (from
the gluino pair prodution), and Njets ≥ 5 (from various multiple prodution and deay
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FIG. 8: The binwise (bin size= 3 GeV) distribution of the number of purely hadroni events (the
events of the type SIGNAL 1 in Table V) with EjetsT for dierent Njets ranges at an integrated
luminosity of L = 100 fb−1 in the MSSM (panel (a)) and in the U(1)′ model with (RY ′ ,RY Y ′) =
(0, 0) (panel (b)) and (RY ′ ,RY Y ′) = (10, 10) (panel ()). The events with Njets ≥ 4 are soft (they
are abundant only at low EjetsT ) and rare (they are few at large E
jets
T ). The events with smaller
numbers of jets are eetive for a wide range of EjetsT values. In aord with Fig. 7, the purely
hadroni events in U(1)′ model are fewer than in the MSSM, espeially for the large Njets values.
proesses). As the transverse jet energy inreases, the distribution beomes less broad. In
fat, for EjetsT ≥ 100 GeV, the events are nearly pure dijet events indued by pair-prodution
of squarks. The three panels, panels (a), (b) and (), dier mainly by the overall hange in
the number of events as one swithes from the MSSM to the U(1)′ model. Indeed, purely
hadroni events are depleted in number in the U(1)′ model ompared to the MSSM, and the
depletion is strongest for
(ReY ′ , ReY fY ′) = (10, 10).
Fig. 8 is omplementary to Fig. 7, depiting the variation of the number of purely
hadroni events (SIGNAL 1 in Table V) with the jet transverse energy for dierent lower
bounds on the number of jets. We see that the events with Njets ≥ 4 are soft (they dominate
only at low EjetsT ) and rare (they rapidly derease in number with inreasing E
jets
T ). The
main distintion between the MSSM and the U(1)′ models is the depletion of the number of
events in the latter. The panel (a) of Fig. 9 depits an important distribution: The variation
of the purely hadroni events with the missing transverse energy /ET . It is obvious that the
number of events is maximal for the MSSM and dereases gradually in the U(1)′ model as
ReY ′ and/or ReY fY ′ inrease. The distribution has a sharp edge at the LSP mass, and peaks
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FIG. 9: The binwise distribution of the number of purely hadroni events (the events of the type
SIGNAL 1 in Table V) with /ET (panel (a), bin size= 20 GeV) and E
sum
T (panel (b), bin size=
40 GeV ) at an integrated luminosity of L = 100 fb−1 in the MSSM and the U(1)′ model. The
entral values of the distributions vary little from model to model. Nevertheless, the number of events
are fewer in the U(1)′ model than in the MSSM. This feature is in aordane with the disussion
in Se. III B and with Figs. 7 and 8.
around 500 GeV with slight shifts depending on the details of the underlying model. The
panel (b) of Fig. 9 shows the distribution as a funtion of the salar sum of the transverse
energies (missing transverse energy in panel (a)). Again, one noties the drop in the number
of events as one swithes from the MSSM to the U(1)′ model. Clearly, the EsumT value at
whih the distribution is maximized orresponds to the average squark/gluino masses. This
distribution, traditionally, has been utilized to provide a short-ut to the sale of SUSY [16℄.
It is a sensitive variable to be searhed for at the LHC.
Summarizing, the plots in Figs. 79 show that the purely hadroni events are more
abundant in the MSSM than in the U(1)′ model. All distributions are quite similar with
fewer events for the U(1)′ model ase. These results onrm the disussions in Se. III B,
and are onsistent with the fat that the branhing ratios B(q˜L,R → qχ˜01) in (24) are larger
in the MSSM than in the U(1)′ model.
An important feature to note is that the SIGNAL 1 is the most abundant among all
the signals listed in Table V and studied in Figs. 1021. This purely hadroni event, with
no hard muons, an be onstruted with good preision at the LHC with optimized jet
35
algorithms. Measurement of the number of events for the given kinemati variables an
failitate the deision-making about the underlying model. We emphasize that the MSSM
and the U(1)′ models dier mainly by the number of events per bin size rather than by their
distribution patterns.
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FIG. 10: The same as in Fig. 7 but for the single-lepton events (i.e., events of the type SIGNAL 2
in Table V).
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FIG. 11: The same as in Fig. 8 but for the single-lepton events (i.e., events of the type SIGNAL 2
in Table V).
Depited in Figs. 10  12 are the distributions for the single-lepton events (SIGNAL
2 in Table V). The number and patterns of the events in the U(1)′ model dominate (for
ReY ′ = ReY fY ′ = 0 ) or are omparable (for ReY ′ = ReY fY ′ = 10) to the one in the MSSM.
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FIG. 12: The same as in Fig. 9 but for the single-lepton events (i.e., events of the type SIGNAL 2
in Table V). The panel (a) (bin size= 10 GeV) is new; it desribes the distribution with respet to
the transverse momentum of the emitted lepton.
This behavioral hange an be asribed to the Z˜ ′ mediation, as disussed in Se. III B.
Fig. 12, ompared to Fig. 9, has one added feature, namely the variation of the numbers
of events with the transverse momentum of the emitted lepton. This plot, the panel (a) of
Fig. 12, proves to be highly disriminative between the MSSM and the U(1)′ model as the
latter oers a muh broader distribution extending to large transverse momenta values for
the lepton.
In general, for the SIGNAL 2, the q˜L q˜R pair-prodution (with or without the g˜ ontribu-
tion) dominates all the others. There are no events from q˜R q˜R sine B(q˜R → qχ˜01) ∼ 10−6 in
either model and the q˜L q˜L ontribution is muh smaller than q˜L q˜R. This is again diretly
related to the fat that B(q˜L → qχ˜01) ≪ B(q˜R → qχ˜01). Hene, the most dominant signal
proeeds through pp → g˜g˜ → (qq˜L)(q′q˜R) → qq′(q˜L → q′′χ˜±1 )(q˜R → q′′′χ˜01) → qq′q′′q′′′(χ˜±1 →
ℓν˜ℓ)χ˜
0
1 → (ν˜ℓ → νlχ˜01)(ℓqq′q′′q′′′χ˜01) → ℓνlqq′q′′q′′′χ˜01χ˜01. This observation is onrmed by
Figs. 10 and 11 where the event is seen to be a 4-jet event at high EjetT . The hardness of the
lepton (the only one for this signal) is mainly determined by the mass dierene m
eχ±1
−meνℓ
whih is about 50 GeV in the MSSM but around 340 GeV in the U(1)′ model. Therefore,
larger lepton pT uts would help distinguish the U(1)
′
model from the MSSM. As mentioned
before, both EsumT and /ET distributions are dominated by the U(1)
′
model events (most
visibly in the (RY ′ ,RY Y ′) = (0, 0) ase).
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FIG. 13: The same as in Fig. 7 but for the dilepton events (i.e., events of the type SIGNAL 3A in
Table V).
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FIG. 14: The same as in Fig. 8 but for the dilepton events (i.e., events of the type SIGNAL 3A in
Table V).
In Figs. 13  15 and Figs. 16  18, we show the number of events ontaining two harged
leptons in the nal state (SIGNAL 3A and SIGNAL 3B in Table V). The distributions of
these dilepton events are expeted to reveal further distintive features of the two models.
By ontrasting the distributions in Figs. 13 and 14 with those in Figs. 16 and 17, one nds
that the SIGNAL 3A is dominantly a 4-jet event at high EjetsT whereas the SIGNAL 3B
involves both 3-jet and 4-jet topologies depending on EjetsT range. It is onvenient to start
the analysis with the dilepton signal of SIGNAL 3A type. In this event, eah harged lepton
originates from a dierent deay branh (started by squark or gluino). The U(1)′ signal
38
RY ′ = RY Y ′ = 10
RY ′ = RY Y ′ = 0
MSSM
(d)
2ℓ + jets + /ET −A
#
o
f
E
v
e
n
ts
/
b
in
si
ze
Esum
T
(GeV)
40003500300025002000150010005000
10
1
10
0
10
−1
10
−2
RY ′ = RY Y ′ = 10
RY ′ = RY Y ′ = 0
MSSM
(c)
2ℓ + jets + /ET −A
#
o
f
E
v
e
n
ts
/
b
in
si
ze
/ET(GeV)
2000150010005000
10
1
10
0
10
−1
10
−2
RY ′ = RY Y ′ = 10
RY ′ = RY Y ′ = 0
MSSM
(b)
2ℓ + jets + /ET −A
#
o
f
E
v
e
n
ts
/
b
in
si
ze
Minv(ℓ
+ℓ−)(GeV)
2000150010005000
10
1
10
0
10
−1
10
−2
RY ′ = RY Y ′ = 10
RY ′ = RY Y ′ = 0
MSSM
(a)
2ℓ + jets + /ET −A
#
o
f
E
v
e
n
ts
/
b
in
si
ze
pT(ℓhard)(GeV)
10009008007006005004003002001000
10
1
10
0
10
−1
10
−2
FIG. 15: The same as in Fig. 12 but for the dilepton events (i.e., events of the type SIGNAL 3A in
Table V). The new features ompared to those in Fig. 12 are as follows: The panel (a) desribes the
distribution with respet to the transverse momentum of the hardest lepton, pT (ℓhard). The panel
(b) (bin size= 19 GeV) is new; it desribes the distribution with respet to the invariant mass of
the two emitted leptons, Minv (ℓ
+ℓ−).
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FIG. 16: The same as in Fig. 7 but for the dilepton events (i.e., events of the type SIGNAL 3B in
Table V).
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FIG. 17: The same as in Fig. 8 but for the dilepton events (i.e., events of the type SIGNAL 3B in
Table V).
again dominates for (RY ′ ,RY Y ′) = (0, 0) and remains omparable to the MSSM ase for
(RY ′,RY Y ′) = (10, 10). Unlike the SIGNAL 2 above, this proess is dominated by the q˜L q˜L
ontribution sine both squarks need to deay into a hargino. Compared to Fig. 12, we
have one additional plot, the panel (b) of Fig. 15, showing the number of events against the
dilepton invariant massMinv (ℓ
+ℓ−). This distribution does not reveal a sharp edge sine the
leptons originate from dierent branhes [24℄. As in Fig. 12, the transverse momentum of
the hardest of the two leptons emitted pT (ℓhard) is apable of distinguishing the two models
for large lepton pT uts.
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FIG. 18: The same as in Fig. 15 but for the dilepton events (i.e., events of the type SIGNAL 3B
in Table V).
Compared to the SIGNAL 3A, the pT (ℓhard) distribution hardly hanges as one swithes
from the MSSM to the U(1)′ model, espeially at large pT . This feature ontinues to hold
for other distributions in Fig. 18, exept for the dilepton invariant mass distribution. The
reason for the disriminative nature of the Minv (ℓ
+ℓ−) distribution is that the two leptons
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originate from the same deay branh and obtain dierent distribution tails for dierent
proesses. The results are expliated in panel (b) of Fig. 18.
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FIG. 19: The same as in Fig. 7 but for the trilepton events (i.e., events of the type SIGNAL 4B in
Table V).
Looking losely, the q˜R q˜R prodution-and-deay is a ompletely new ontribution to
this signal in U(1)′, and the two models would give drastially dierent results if other
ontributions were ignored. This expetation, whih follows from the disussions in Se. III
B, is best examined by expliating the ontributions of the individual squarks/gluinos. We
do this in panel () of Fig. 18 wherein the q˜L and q˜R ontributions are expliated for the /ET
distribution. The entire signal is dominated by the q˜L q˜R prodution-and-deay where q˜R
deays to qχ˜01. One we sum these sub-proesses, the missing energy distribution in U(1)
′
is
either almost the same or a little bit suppressed ompared to the MSSM depending on the
(RY ′,RY Y ′) parameters.
Depited in Figs. 19  21 are the distributions of the trilepton event (SIGNAL 4B in
Table V). Clearly, two oppositely harged leptons arise from one deay branh and the third
one from the other branh. As shown in the gures, the two models an be distinguished
via the number of events and their distributions. To emphasize the trilepton nature of the
event, we plot in the panel (b) of Fig. 21 the invariant mass of the two same-harge leptons
whih originate from the dierent branhes (as in SIGNAL 3A).
Examining these features in depth for the SIGNAL 4B, even though the q˜L q˜L ontribu-
tions dominate in both the MSSM and the U(1)′ model, a new eet shows up. The MSSM
distributions reeive ontributions from the q˜R q˜R prodution, but not the ones in the U(1)
′
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FIG. 20: The same as in Fig. 8 but for the trilepton events (i.e., events of the type SIGNAL 4B in
Table V).
model. The reason is that this signal requires one squark to deay into qχ˜02 and the other
one into q′χ˜±1 . For q˜R in the MSSM, the branhing frations into χ˜
0
2 and χ˜
±
1 are small but
omparable to eah other, and they are the seond largest branhing ratios after the qχ˜01
mode. However, in the U(1)′, q˜R possesses new neutral deay modes into qχ˜
0
3 and qχ˜
0
4, the
branhings of whih are of the order of 10−2. This suppresses the qχ˜±1 hannel muh further.
We do not see these eets in the plots sine the q˜L q˜L deay mode dominates over the others.
The numerial studies of the branhing frations and event distributions onviningly
prove that the MSSM and the U(1)′ model an be disriminated at the LHC experiments.
The purely hadroni events, lassied as the SIGNAL 1 in Table V, turn out to be more
abundant than the leptoni ones roughly by an order of magnitude. The analysis for on-
fronting various distributions in the two models has been based on basi uts. In analyzing
the experimental data, ertain signals, like the SIGNAL 3B, may require more detailed op-
timization uts beyond the basi ones to enhane the U(1)′ signal ompared to the MSSM.
Nevertheless, on general grounds, the two models behave dierently in various kinemati
observables, and measurements of events with dierent leptoni ontents qualify to be a
viable tool to disentangle the eets of the gauge-extended models from the bulk of data.
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FIG. 21: The same as in Fig. 15 but for the trilepton events (i.e., events of the type SIGNAL 4B in
Table V). The panel (b) is dierent than those in Figs. 15 and 18 in that it desribes the distribution
with respet to the invariant mass of the two same-harge leptons, Minv (ℓ
+ℓ+).
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V. CONCLUSION
One the LHC beomes fully funtional, one of its most important tasks would be to
disover physis beyond the Standard Model, and in partiular, to look for signals of super-
symmetry, the most extensively studied senario as suh.
From previous studies it is well-known that the signature of supersymmetry at the LHC
would be fairly straightforward. One expets large exesses of events over the ones in the
standard model with a number of harateristi signatures: for example events with one or
more isolated leptons, an exess of trilepton events, a pattern of missing ET plus jets, and
a harateristi l+l− invariant mass distribution.
What is not well-studied is how would one be able to distinguish among dierent, realisti
models of supersymmetry. Whereas many studies of the MSSM and mSUGRA models exist,
fewer studies are available for the extended models. In this work, we have studied in depth
the MSSM augmented by an extra U(1) gauge symmetry, the U(1)′ model. This model,
devised to solve the supersymmetri µ problem, is further justied as a TeV sale remnant
of the supersymmetri GUTs or string models. In an attempt to keep the model as generi
as possible, we have xed some of the model parameters (inspired by the supersymmetri
E6 GUT), restrited some parameters from the available experimental bounds, and varied
the rest freely in some reasonable ranges. In Se. II and III, we desribed the U(1)′ model
and the possible searh strategies at hadron olliders. As an immediate onsequene of
the supersymmetri setup, we emphasized that the ollider signatures of the model an be
searhed for by either onsidering the bosoni elds or the fermioni elds. The former has
been under both phenomenologial and experimental study, so we foused here on the eets
of the fermioni elds with regard to their potential to reveal possible gauge extensions. As
we expet that the squarks and gluinos will be abundantly produed at the LHC, we look
for the U(1)′ eets in their deays. As disussed in Se. III and simulated in Se. IV,
we arrived at novel features in the generi LHC events whih reveal the eets of gauge
extension. Combined with the possible Z ′ disovery in Drell-Yan proess, the analysis and
results of this work illustrate other disernible eets of a U(1)′ extension.
The analysis reported here inludes inherently some model and parameter-set depen-
dene. Nevertheless, it predits some lear distinguishing features of the U(1)′ model from
the MSSM. In partiular, in this model, the right-handed squarks an deay through an extra
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neutral gaugino (in addition to the LSP) leading to an enhaned signal in the events on-
taining at least one lepton. The dierene between this model and the MSSM beomes also
visible in the invariant mass distribution of the ℓ+ℓ− pair, and in the missing ET distribution.
In spite of these promising observables, a more general analysis involving a ne-grained san
of a wider set of parameters (and not just the U(1)′ gaugino mass and its mixing with the
hyperharge gaugino, as employed in the present work), an reveal further properties that
an be of interest at the LHC.
We summarize main ndings of the simulation studies detailed in Se. IV for the signals
listed in Table V whih have the generi form as mℓ + n jets + /ET . The number of jets n
has to be at least two but ould be bigger depending on the detailed omposition in the
prodution and/or in the asade deays. We onsider events with up to m = 3 leptons, and
arrive at the following features (in omparison to the MSSM):
• The SIGNAL 1 (no-lepton event) of Table V onsisting of purely hadroni events. As
expeted, the number of events are fewer in the U(1)′ model than in the MSSM. Various
distributions suh as the jet multipliities, transverse energy of jets, missing transverse
energy as well as the salar sum of transverse energies are onsidered. The distributions
for the two models are similar in topology with fewer signal events surviving for the
U(1)′ model, after applying the primary seletion uts. The number of signal events at
the peak of the distributions is in the range of 10 to 100 but none of the distributions
is good enough to disentangle the U(1)′ eets unless some seondary seletion uts
are imposed.
• For the SIGNAL 2 (one-lepton event) with one lepton in the nal state, the U(1)′
eets start beoming distinguishable not only in the number of events but also in
the event topology. In partiular, the pT distribution of the hardest lepton, as a new
observable in addition to the ones disussed for SIGNAL 1, turns out to be very useful
to distinguish the U(1)′ eets (mainly in the high pT -tail). The distribution is shown
in panel (a) of Fig. 12. Unlike the U(1)′ distributions, the MSSM distribution dies
o rapidly sine the available energy for the lepton is around 50 GeV for the MSSM
ase but around 350 GeV for the U(1)′ ase. The missing transverse energy and the
salar sum of the transverse energy distributions are also useful, and the U(1)′ eets
dominate over the MSSM ones for espeially lowRY ′ and/orRY Y ′ values. The number
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of signal events at the peak of the essential distributions is around 10, big enough for
a disovery.
• The SIGNALS 3A and 3B (two-lepton events) involve a lepton pair where both the
leptons ome from dierent branhes for SIGNALS 3A, and from the same branh
for SIGNALS 3B. This is evident from the invariant mass distribution of the lepton
pair, depited in panel (b) of Figs. 15 and 18. While the distributions for the pT
of the hardest lepton, the dilepton invariant mass, as well as the missing transverse
energy and the salar sum of the transverse energies prove useful to disentangle the
U(1)′ eets in the SIGNAL 3A ase, only two of them are promising in the SIGNAL
3B ase, as the MSSM and the U(1)′ model lead to omparable ontributions in the
distributions of missing transverse energy and the salar sum of transverse energies.
Again, only few events at the peak of primary observables qualify to be signals, in
eah ase.
• For the SIGNALS 4A and 4B (three-lepton events), there are three leptons, all oming
from the same branh for the SIGNALS 4A. Thus, the SIGNAL 4A events in our
parameter set requires 1 → 4 deays and is not onsidered any further. For the
SIGNAL 4B events, however, we analyze, in addition to the others, the same-sign-
same-avor lepton pair invariant mass distribution (whih is unique to the trilepton
signal, in general). In all these distributions, the U(1)′ eets dominate over the MSSM
but the number of signal events barely reahes one in some ases. This means that for
a lear extration of the U(1)′ eets, higher integrated luminosities (than 100fb)−1)
are needed.
One has to keep in mind that these onlusions are based on the generator-level analysis.
The next step of suh an analysis would be to have a more realisti piture of what is
experimentally feasible by implementing a full detetor analysis. This is urrently being
implemented in the CMSSW analysis system of the CMS experiment [25℄.
If the analysis in this work, together with the lose-up provided by the simulation study
in progress, has taught us anything, it is that the searh for the extra gauge interations, in
the supersymmetri framework, must proeed through not only the fores mediated by gauge
bosons (whih have been under study both phenomenologially and experimentally [7℄) but
also the by the fores mediated by the gauge fermions. Our analysis has been limited to the
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U(1)′ model; however, the disussions in Se. III, together with the various distributions
simulated, should provide enough guidane for the expetations about more general models,
suh as the left-right symmetri models or the 3− 3− 1 models.
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Appendix A: The Lagrangian
In this Appendix we provide the Lagrangian of the U(1)′ model and ompare its ertain
features with those of the MSSM Lagrangian. The partile spetrum of the model with the
generi U(1)′ hyperharge assignments is given in Table VI. The total Lagrangian involves
kineti terms as well as various interation terms among the elds. We disuss below the
distint piees separately.
The kineti terms of the Lagrangian are given by
LKineticU(1)′ = LKineticMSSM −
1
4
Z ′µνZ ′µν + (DµS)† (DµS) + Z˜ ′ †iσµ∂µZ˜ ′ + S˜†iσµDµS˜ , (A.1)
and the interations of the gauge elds with the rest (fermions, sfermions, gauginos, Higgs
and Higgsino elds) are ontained in the piee
Lgauge
U(1)′ = LgaugeMSSM
(
gY
YX
2
Bµ → gY YX
2
Bµ + gY ′Q
′
XZ
′
µ
)
, (A.2)
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Superelds Bosons Fermions SU(3)c ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)Q′
Gauge multiplets
Ĝa Gaµ g˜
a (8, 1, 0, 0)
Ŵ i W iµ W˜
i (1, 3, 0, 0)
B̂ Bµ B˜ (1, 1, 0, 0)
Ẑ ′ Z ′µ Z˜
′ (1, 1, 0, 0)
Matter multiplets
L̂ L˜ =

 ν˜ℓL
ℓ˜L

 L =

 νℓL
ℓL

 (1, 2,−1, Q′L)
Ê E˜ = ℓ˜⋆R (ℓR)
C =
(
ℓC
)
L
(1, 1, 2, Q′E)
Q̂ Q˜ =

 u˜L
d˜L

 Q =

 uL
dL

 (3, 2, 13 , Q′Q)
Û U˜ = u˜⋆R (uR)
C =
(
uC
)
L
(
3, 1,−43 , Q′U
)
D̂ D˜ = d˜⋆R (dR)
C =
(
dC
)
L
(
3, 1, 23 , Q
′
D
)
Ĥd Hd =

 H0d
H−d

 H˜d =

 H˜0d
H˜−d

 (1, 2,−1, Q′Hd)
Ĥu Hu =

 H+u
H0u

 H˜u =

 H˜+u
H˜0u

 (1, 2, 1, Q′Hu)
Ŝ S S˜ (1, 1, 0, Q′S)
TABLE VI: The eld ontent of the U(1)′ model based on GSM⊗U(1)′ gauge invariane. The U(1)′
harges listed here are the ones in (3) for whih the kineti mixing vanishes.
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where X runs over the elds harged under U(1)′Q. In (A.1), Z
′µν
is the eld strength tensor
of Z ′µ, and DµS =
(
∂µ + igY ′Q
′
SZ
′
µ
)
S.
Given the superpotential in (1), part of the U(1)′ Lagrangian spanned by the Fterms is
given by
LF−term
U(1)′ = −
∑
i
∣∣∣∣∂W∂φi
∣∣∣∣2 = LF−termMSSM (µ→ hsS)− h2s |Hu ·Hd|2 , (A.3)
where φi is the salar omponent of the ithe hiral supereld in the superpotential.
The Dterm ontributions to the Lagrangian are given by
LD−term
U(1)′ = −
1
2
∑
a
DaDa = LD−termMSSM −
g2Y ′
8
(
Q′QQ˜
†Q˜ +Q′U u˜
T
Ru˜
⋆
R +Q
′
Dd˜
T
Rd˜
⋆
R+
+ Q′LL˜
†L˜+Q′EE˜
T E˜⋆ +Q′HdH
†
dHd +Q
′
Hu
H†uHu +Q
′
SS
†S
)2
. (A.4)
The soft-breaking setor of the U(1)′ Lagrangian is given by
LSoft
U(1)′ = LSoftMSSM (µ→ 0)−m2SS†S − [hsAsSHu ·Hd + h..]
+
1
2
(
M eZ′Z˜
′Z˜ ′ +MeY eZ′Y˜ Z˜
′ + h.c.
)
(A.5)
where MeY eZ′ and M eZ′ are dened below the neutralino mass matrix in (5), and As is the
extra trilinear soft oupling.
Finally, the part of the Lagrangian onsisting of the fermion-sfermion-ino as well as the
Higgs-Higgsino-Higgsino interations is given by
Lino−f−φ
U(1)′ = Lino−f−φMSSM (µ→ 0) + i
√
2gY ′
[
Q′QQ
†Z˜ ′Q˜ +Q′Uu
†
RZ˜
′u˜R +Q
′
Dd
†
RZ˜
′d˜R
+ Q′LL
†Z˜ ′L˜+Q′Eℓ
†
RZ˜
′ℓ˜R +Q
′
Hd
H˜†dZ˜
′Hd +Q
′
Hu
H˜†uZ˜
′Hu +Q
′
SS˜
†Z˜ ′S + h..
]
+
[
hsSH˜u · H˜d + hsS˜Hu · H˜d + hsS˜H˜u ·Hd + h..
]
. (A.6)
All parts of the GSM⊗U(1)′ Lagrangian listed above are in the urrent basis. Eventually,
the elds must be transformed into the physial basis wherein eah eld obtains a denite
mass. The neutral gauginos and Higgsinos form the neutralino setor whose physial states
are expressed as (4) after diagonalizing the mass matrix (5). The hargino setor is essentially
the same as in the MSSM with the obvious replaement µ → hsvs/
√
2. The Higgs setor
has been analyzed in detail at one-loop level in [12℄.
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The kineti mixing in (2) an be eliminated via the transformation
 ŴY
ŴY ′

 =

 1 − tanχ
0 1/ cosχ



 ŴB
ŴZ′

 , (A.7)
where the kineti eigenstates ŴB and ŴZ′ ouple to a matter eld f (with hyperharge Yf
and the U(1)Y ′ harge Y
′
f) with strengths gY Yf and gY ′Q
′
f , respetively. Consequently, the
boson setor extends the MSSM gauge boson setor by the Z ′ gauge boson of the U(1)Q′
group, and the Higgs setor by a new singlet eld.
In the gauge boson setor, spontaneous breakdown of the produt group SU(2)L⊗U(1)Y⊗
U(1)Q′ via the Higgs VEVs
〈Hu〉 = 1√
2

 0
vu

 , 〈Hd〉 = 1√
2

 vd
0

 , 〈S〉 = vs√
2
, (A.8)
generates one massless state (photon) and a massive state ( Z boson) via two orthonormal
ombinations ofW 3µ and Bµ gauge bosons. The W
1
µ andW
2
µ linearly ombine to giveW
±
µ , as
the only harged vetor bosons in the model. In ontrast to the MSSM, the Z boson is not
a physial state by itself sine it mixes with the Z ′ boson. This mass mixing arises from the
fat that the Higgs doublets Hu,d are harged under eah fator of SU(2)L⊗U(1)Y ⊗U(1)Q′,
and the assoiated mass-squared matrix is given by [3, 7℄
M2Z−Z′ =

M2Z ∆2
∆2 M2Z′

 , (A.9)
in the
(
Zµ, Z
′
µ
)
basis. Its entries are
M2Z =
1
4
G2Z
(
v2u + v
2
d
)
,
M2Z′ = g
2
Y ′
(
Q′ 2Huv
2
u +Q
′ 2
Hd
v2d +Q
′ 2
S v
2
s
)
,
∆2 =
1
2
GZgY ′
(
Q′Huv
2
u −Q′Hdv2d
)
, (A.10)
where G2Z = g
2
2+g
2
Y . The physial neutral vetor bosons, Z1,2, are obtained by diagonalizing
M2Z−Z′: 
 Z1
Z2

 =

 cos θZ−Z′ sin θZ−Z′
− sin θZ−Z′ cos θZ−Z′



 Z
Z ′

 , (A.11)
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where
θZ−Z′ = −1
2
arctan
(
2∆2
M2Z′ −M2Z
)
, (A.12)
is their mass mixing angle, and
M2Z1(2) =
1
2
[
M2Z′ +M
2
Z − (+)
√
(M2Z′ −M2Z)2 + 4∆4
]
, (A.13)
are their squared masses. The ollider searhes at LEP and Tevatron plus various indiret
observations require ZZ ′ mixing angle θZ−Z′ to be at most a few 10
−3
with an unavoidable
model dependene oming from the Z ′ ouplings [7, 8, 9, 10, 26, 27℄. This bound requires
either MZ2 to be large enough (well in the TeV range) or ∆
2
to be suiently suppressed
by the vauum onguration, that is, tan2 β ≡ v2u/v2d ∼ Q′Hd/Q′Hu . Whih of these options is
realized depends on the U(1)′ harge assignments and the soft-breaking masses in the Higgs
setor ( see [28℄ for a variant reduing the ZZ ′ mixing).
In the Higgs setor, the U(1)′ model onsists of an extra CP-even Higgs boson, H ′ with
a mass mH′ ∼ MZ′ stemming from the extra hiral eld Ŝ, the salar omponent of whih
is responsible for generating the µ parameter. There is no new CPodd salar sine the
imaginary parts of H0u, H
0
d and S ombine to give masses to the Z and Z
′
bosons, leaving
behind a single CPodd Higgs boson A0 as in the MSSM. Consequently, in terms of the
Higgs boson spetrum, the U(1)′ model diers from the MSSM only in having an extra
CPeven Higgs boson, H ′. This feature, however, is not neessarily the most important
one given that the mass spetra of the Higgs bosons dier signiantly in the two models.
Indeed, the lightest Higgs boson h in the U(1)′ model weighs well above MZ already at tree
level [3℄, and thus, large radiative orretions (and hene large top-stop mass splitting) are
not warranted to satisfy the LEP lower bound on mh [12, 13, 14℄. This property an prove
useful in moderating the little hierarhy problem (espeially when a set of the MSSM singlet
hiral elds are inluded to form a seluded setor [19℄).
Appendix B: The Salar Fermions
Given rather tight FCNC bounds, we neglet all the inter-generational mixings, and on-
sider only intra-generational left-right mixings, though these turn out to be totally negligible
for the sfermions in the rst and seond generations. The 2×2 salar fermion mixing matrix
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an be written as
M2efa =


M2
efa
LL
M2
ef
a,b
LR
M2†
ef
a,b
LR
M2
efa
RR

 , a 6= b = u, d , (B.1)
where
M2efa
LL
= m2efL
+ h2fav
2
a +
1
2
(
g2Y
Yfa
L
2
− g22 T3L
)(
v2u − v2d
)
+ g2Y ′Q
′
fa
L
(
QHuv
2
u +QHdv
2
d +Qsv
2
s
)
, (B.2)
M2efa,b
LR
= hfa (Afava − hsvsvb) , (B.3)
M2efa
RR
= m2efR
+ h2fav
2
a +
1
2
(
g2Y
Yfa
L
2
)(
v2u − v2d
)
+ g2Y ′Q
′
fa
R
(
QHuv
2
u +QHdv
2
d + Qsv
2
s
)
. (B.4)
Here m ef2
L,R
are the soft mass-squared of the sfermions, vu,d,s are the VEVs of the Higgs elds,
Yfa(T3L) is the U(1)Y (SU(2)L) quantum number, Q
′
fa is the U(1)
′
harge, and Afa are the
trilinear ouplings. The mixing matrix an be diagonalized, in general, by a unitary matrix
Γf suh that Γf
a† · M2
efa
· Γfa ≡ Diag(M2
efa1
,M2
efa2
).∗ The rotation matrix Γf
a
an be written
for quarks and harged leptons in the 2× 2 {f˜aL, f˜aR} basis as
Γf
a
=

 cos θ efa − sin θ efa
sin θ efa cos θ efa

 , (B.5)
where θ efa =
1
2
arctan 2(−2M2efa
LR
,M2efa
RR
−M2efa
LL
) and arctan 2(y, x) is dened as
arctan 2(y, x) =


φ sign(y), x > 0
π
2
sign(y), x = 0
(π − φ) sign(y), x < 0
(B.6)
with y being non-zero, and φ taken in the rst quadrant suh that tanφ = |y/x|.
For the sfermions in the rst and seond generations, the left-right mixings are exeed-
ingly small as they are proportional to the orresponding fermion mass. Therefore, the
sfermion mass matrix (B.2) is automatially diagonal. However, one has to remember that
∗
We note that unlike mixings in other setors, Γf
a
is dened dierently, that is, (f˜aL,R)i = Γ
fa
ij f˜
a
j , where
f˜aj represent the mass eigenstates.
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the sfermion masses, for xed values of m ef2
L,R
, are dierent in the MSSM and the U(1)′ mod-
els due to the additional D-term ontribution in the latter. This is the reason for having
dierent squark masses in the plots of branhing ratios in Figs. 1, 2 and 3 for the parameter
set in (32).
Appendix C: The Fermion-Sfermion-Neutralino Couplings
In this Appendix we list the neutralino ouplings relevant for the prodution and deays
of the squarks and sleptons
†
. The six physial neutralinos
χ˜0j =
∑
a
N0jaG˜a ,
ouple to the fermions and the salar fermions. The neutralino-quark-salar quark ouplings
read as
u¯kχ˜0j u˜
k
α −i
[√
2Γukα1
(
e
6 cos θW
N0j1 +
e
2 sin θW
N0j2 +Q
′
Qg
′
YN
0
j6
)
+ YukN
0
j4Γ
uk
α2
]
PR
+i
[√
2Γukα2
(
2e
3 cos θW
N0j1 −Q′Qg′YN0j6
)
− YukN0j4Γukα1
]
PL , (C.1)
d¯kχ˜0j d˜
k
α −i
[√
2Γdkα1
(
e
6 cos θW
N0j1 −
e
2 sin θW
N0j2 +Q
′
Qg
′
YN
0
j6
)
− YdkN0j4Γdkα2
]
PR
+i
[√
2Γdkα2
( −e
3 cos θW
N0j1 −Q′Qg′YN0j6
)
+ YdkN
0
j4Γ
dk
α1
]
PL , (C.2)
where α = 1, 2 designates the squark mass-eigenstates, k is the generation label, Γqkαi are the
squark mixing matries, assumed diagonal for the rst two generations so that Γ
uk(dk)
ij = δij
for k = 1, 2, and nally, Yqk are the quark Yukawa ouplings.
The neutralino-lepton-salar lepton ouplings are given by
l¯kχ˜0j l˜
k
α i
[√
2Γlkα1
(
e
cos θW
N0j1 +
e
sin θW
N0j2 −Q′Lg′YN0j6
)
+ YlkN
0
j4Γ
lk
α2
]
PR
−i
[√
2Γlkα2
(
e
cos θW
N0j1 +Q
′
Eg
′
YN
0
j6
)
− YlkN0j4Γlkα1
]
PL , (C.3)
ν¯kχ˜0j ν˜
k i
[√
2
(
e
cos θW
N0j1 −
e
sin θW
N0j2 −Q′Lg′YN0j6
)]
PR , (C.4)
†
The ouplings of the Z1,2 bosons to the fermions and neutralinos as well as the ouplings of the neutralinos
to the fermions and sfermions are given in Se. IV of [5℄, whih were used for ross-heking.
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where Γlkij , the slepton mixing matrix, is diagonal Γ
lk
ij = δij for k = 1, 2 (orresponding to
the eletron and the muon).
The harginos ouple to the fermions and salar fermions in the same manner as in the
MSSM.
q˜R
q
χ˜0
a
χ˜0
1
Z,Z′ ℓ
ℓ¯
diagr.1
q˜R
q
χ˜0
1
χ˜0
a
Hi, A
0 ℓ
ℓ¯
diagr.2
q˜R
q
χ˜0
a ℓ¯
ℓ˜L, ℓ˜R χ˜
0
1
ℓ
diagr.3
q˜R
q
χ˜0
a
ℓ
ℓ˜L, ℓ˜R χ˜
0
1
ℓ¯
diagr.4
q˜R
χ˜0
a
q q
Z, Z′ ℓ
ℓ¯
diagr.5
q˜R
χ˜0
a
q q
Hi, A
0 ℓ
ℓ¯
diagr.6
q˜R
Z, Z′
ℓ
ℓ¯
q˜L, q˜R χ˜
0
1
q
diagr.7
q˜R
Hi, A
0
ℓ
ℓ¯
q˜L, q˜R χ˜
0
1
q
diagr.8
FIG. 22: The Feynman diagrams governing the q˜R → qℓ−ℓ+χ˜01 deay in the U(1)′ model. Here the
index a runs from 1 to 6 and the index i from 1 to 3.
Appendix D: An Example of Feynman Diagrams
In this Appendix we inlude, for illustration, the Feynman diagrams ontributing to
the proesses whih have been analyzed in the text. We have implemented the model
Lagrangian and all the information ontained in the previous appendies into a CalHEP
ode for simulation study. We illustrate the omputer ode in Fig. 22 by piking up q˜R
deays as an example. We note that even though the diagrams in Fig. 22 are presented
as 4-body modes, we use the narrow-width approximation, and the squarks are assumed to
have a 2-body deay at rst, and then, the neutralino exhibits a 3-body deay to make up
a 4-body nal state. In this respet, the diagrams 5 and 6 in Fig. 22 do not ontribute due
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to asade deays. For the same reason, the diagrams 7 and 8 do not ontribute either.
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